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T-type Ca2+ channels (CACNA1G, CACNA1H, 
and CACNA1I genes; Cav3.1, Cav3.2 and Cav3.3 
channel D-subunits, respectively) are a family of 
voltage-gated Ca2+ channels (VGCC) with very 
negative activation threshold (< -60 mV) and fast 
inactivation kinetics (1,2). The channels are widely 
distributed in the central and peripheral nervous 
systems (CNS, PNS), heart and vasculature, as well 
as in several types of non-excitable cells (3,4). In 
CNS T-type channels are highly expressed in 
dendrites of thalamic and hippocampal neurons 
where they amplify subthreshold postsynaptic 
potentials and facilitate the spread of depolarization 
to the cell body (5). Negative activation threshold 
and fast recovery from inactivation makes T-type 
Ca2+ channels an important contributor to the 
pacemaker activity in the thalamic, corticothalamic 
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and other rhythmically-active neurones (6,7). 
Thalamic T-type currents are enhanced in several 
rodent models of absence epilepsy, correspondingly, 
several gain-of-function mutations within the 
CACNA1 genes  were associated with human 
epilepsies, while T-type channel blockers were 
shown to suppress seizures and are efficacious in 
treatment of absent seizures in humans (for review 
see (4,8)). 
In the PNS, T-type Ca2+ channels (and Cav3.2 in 
particular) are abundant in small-diameter, 
capsaicin-sensitive (presumed nociceptive) dorsal 
root ganglion (DRG) neurons (9-12), as well as in 
two distinct types of low-threshold 
mechanoreceptors innervating skin hair follicles (13). 
Discovery of relatively high abundance of T-type 
Ca2+ channels in nociceptors led up to establishment 
of the prominent role of these channels in the 
peripheral nociceptive transmission. Conditional 
deletion of Cav3.2 (13) or downregulation in DRG 
using intrathecal injection of antisense 
oligonucleotides produced anti-nociceptive effects 
in rodent pain models of neuropathic and 
inflammatory pain (14,15) and reduced analgesic 
efficacy of the T-type channel blocker (11). 
Conversely, multiple reports found T-type Ca2+ 
currents or Cav3.2 expression being increased in 
chronic pain conditions, such as diabetic neuropathy 
(14,16), peripheral nerve injury or inflammation 
(12,17-19). 
Given their clear role in epilepsy and pain, the 
regulation of T-type Ca2+ channel activity received 
an intense scrutiny. T-type Ca2+ channels are 
regulated by multiple phosphorylation (20), 
glycosylation (21,22) and ubiquitination (12) 
mechanisms. In addition to these, Cav3.2 T-type 
subunit possesses a unique regulatory mode that is 
targeted by several endogenous regulatory pathways: 
sensitivity to oxidation and zinc. Thus, Cav3.2 is 
uniquely sensitive to sub-micromollar 
concentrations of extracellular zinc (11,23-25). The 
zinc-sensitive module is located extracellularly, 
involving interaction of the extracellular loops 
linking IS1±IS2 and IS3±IS4 transmembrane regions 
of domain I (23). The histidine H191, which is absent 
in Cav3.1 and Cav3.3 subunits, is critical to high 
sensitivity of Cav3.2 to zinc and nickel (11,23,26). 
In addition, T-type Ca2+ currents recorded in native 
nociceptive neurones and recombinant Cav3.2 
currents are enhanced by reducing agents 
(dithiothreitol (DTT) or L-cysteine) and inhibited by 
the oxidizing agent 5,5-dithio-bis(2-nitrobenzoic 
acid) (DTNB) and hydrogen peroxide (11,27-30). 
Moreover, neuropeptide substance P, which induces 
generation of endogenous reactive oxygen species 
(ROS) (31), inhibits endogenous T-type Ca2+ 
currents in primary somatosensory neurons and 
recombinant Cav3.2 current via oxidative 
mechanism (11). Intriguingly, redox modulation of 
Cav3.2 also depends on H191 (11,24,32). We have 
recently shown that oxidative modification of 
Cav3.2 channels (both recombinant and those 
endogenously expressed in sensory neurons) induced 
by substance P enhances channel sensitivity to Zn2+ 
to such an extent that is becomes tonically inhibited 
by trace amounts of ambient zinc (11). Cav3 
channels contain a number of extra- and intracellular 
cysteines that can be oxidised or reduced, depending 
on the local redox environment which, in turn, could 
affect the conformation of zinc binding site. In this 
study we combined electrophysiology, site-directed 
mutagenesis and computer modelling to delineate 
the molecular determinants of the unique redox 
sensitivity of Cav3.2. 
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&DY GLG QRW VLJQLILFDQWO\ DIIHFWHG
DFWLYDWLRQ DQG LQDFWLYDWLRQ NLQHWLFV DQG FXUUHQW
GHQVLWLHVRIWKHUHVSHFWLYHFKDQQHOV7DEOH6 
,QFRPELQDWLRQWKHUHVXOWVSUHVHQWHGLQ)LJ
SRLQW WR WKH IROORZLQJ FRQFOXVLRQV L F\VWHLQH
PRGLI\LQJ DJHQWV DQG R[LGDWLYH PRGLILFDWLRQ
SURGXFHVLPLODULQKLELWRU\HIIHFWRQ&DYFKDQQHOV
LLWKHVHHIIHFWVUHTXLUH]LQFDQGGHSHQGRQWKHKLJK
DIILQLW\H[WUDFHOOXODU]LQFELQGLQJVLWHIRUPHGE\WKH
H[WUDFHOOXODUORRSVof domain ILLLVLQFH076(6LV
FHOOLPSHUPHDEOHWKHF\VWHLQHVPHGLDWLQJWKHUHGR[
LQKLELWLRQPXVWEHORFDWHGLQWKHH[WUDFHOOXODUUHJLRQV
RIWKH&DYFKDQQHOSURWHLQV 
7KHF\VWHLQHVLQWKHIS1±IS2 H[WUDFHOOXODUORRS
RI 7W\SH &D FKDQQHOV DUH QHFHVVDU\ DQG
VXIILFLHQWIRUWKHUHGR[PHGLDWHGLQKLELWLRQRIWKH
FKDQQHO DFWLYLW\ (DUOLHU VWXGLHV GHILQHG FULWLFDO
UHVLGXHV RI WKH KLJKDIILQLW\ PHWDO ELQGLQJ VLWH RI
&DYLQFOXGLQJDQ$VS*O\+LVPRWLI
LQ,6±6DQGDQDGGLWLRQDO$VSUHVLGXHLQ,6
ZLWK+LVEHLQJDNH\UHVLGXHDEVHQWLQRWKHU&DY
VXEXQLWV DQG DQ\ RWKHU9*&&DVXEXQLWV +LJK
UHVROXWLRQFU\R(0VWUXFWXUHRIKXPDQ&DYKDV
EHHQVROYHGUHFHQWO\6LQFH&DYLVQRWKLJKO\
VHQVLWLYHWR]LQFRUUHGR[PHGLDWHGPRGXODWLRQGXH
WRWKHDEVHQFHRIWKHFULWLFDOKLVWLGLQHUHVLGXHLQLWV
,6±6 ORRS ZH REWDLQHG &DY VWUXFWXUH XVLQJ
KRPRORJ\ PRGHOLQJ DQG DQDO\]HG SXWDWLYH PHWDO
ELQGLQJ VLWH )LJ  )LJ 67KH /RFDO TXDOLW\
HVWLPDWHRIWKHPRGHO)LJ$VKRZVWKDWWKHVFRUHV
RI DOO UHJLRQV H[FHSW D IHZ ORRS UHJLRQ DUH KLJKHU
WKDQZKLFKLQGLFDWHVWKDWWKHRYHUDOOVWUXFWXUHRI
WKHPRGHOLVUHOLDEOH)LJ$ 
7KH SXWDWLYH PHWDO ELQGLQJ VLWH IRUPHG E\
H[WUDFHOOXODU,6,6DQG,6,6UHJLRQVLVGHSLFWHG
LQ )LJ %( 7KH HOHFWURVWDWLF VXUIDFH SRWHQWLDO
(63RIWKH&DYPRGHOLQGLFDWHVWKDWWKHORZHU
SRWHQWLDO LQ WKH H[WUDFHOOXODU UHJLRQ FRPSULVHG RI
,6,6 DQG ,6,6 ORRSV LV IDYRUDEOH IRU PHWDO
ELQGLQJ)LJ(0RUHRYHUWKHPRGHOVXJJHVWVWKDW
(63QHDU*OXDQG*OX LV YHU\ ORZ DQGZH
VXVSHFWWKDW*OXDQG*OXPD\DOVRFRQWULEXWH
WRWKHPHWDOELQGLQJ,QWHUHVWLQJO\IRXUF\VWHLQHVDUH
ORFDWHGZLWKLQRUQHDUWKLVH[WUDFHOOXODUUHJLRQ&
& & & )LJ %' Although side 
chains of several amino acids (e.g. methionines, 
arginines and aromatic amino acids) can be modified 
by oxidizers, sulfhydryl groups of cysteines are by 
far the most susceptible to oxidation protein moieties 
(36). & & DQG & ZHUH VXJJHVWHG WR EH
LPSRUWDQWIRUPRGXODWLRQRIWKH7W\SHFKDQQHOVE\
OLSRLF DFLG  DQG QLWULF R[LGH  7KXV ZH
K\SRWKHVL]HGWKDWR[LGDWLYHPRGLILFDWLRQRIVRPHRU
DOORIWKHVHUHVLGXHVPD\LQWURGXFHDOORVWHULFFKDQJHV
WRWKHPHWDOELQGLQJVLWHIDYRULQJFKDQQHOLQKLELWLRQ
,QRUGHUWRWHVWWKLVK\SRWKHVLVZHVXEVWLWXWHGWKHVH
F\VWHLQHVE\DODQLQHVDQGWHVWHGWKHVHQVLWLYLW\RIWKH
PXWDQWV WR 076(6 )LJ  $OO VLQJOH PXWDQWV
&$ &$ &$ DQG &$ VKRZHG
VLJQLILFDQWO\UHGXFHGVHQVLWLYLW\WR076(6)LJ$
')&$GLVSOD\HGWKHOHDVWVHQVLWLYLW\)LJ'
) ,PSRUWDQWO\ WKHTXDGUXSOHPXWDQW LQZKLFK DOO
WKHDERYHPHQWLRQHGF\VWHLQHVZHUH VXEVWLWXWHGE\
DODQLQHVZDVODUJHO\LQVHQVLWLYHWR076(6)LJ(
) 7KH TXDGUXSOH PXWDQW H[SUHVVHG YHU\ SRRUO\
WKRXJKZLWKFXUUHQWGHQVLW\UHGXFHGPRUH WKDQ
IROGDVFRPSDUHGWR:7&DY7DEOH6KHQFH
RQO\IRXUUHFRUGLQJVKDYHEHHQSURGXFHG 
:H DOVR WHVWHG WKH VHQVLWLYLW\ RI LQGLYLGXDO
F\VWHLQHPXWDQWVWR63)LJDQGDJDLQDOOIRXU
GLVSOD\HG PXFK UHGXFHG VHQVLWLYLW\ ZLWK LQKLELWLRQ
E\ȝ0663LQWKHUDQJHRIDVFRPSDUHG
WR  Q  LQ WKH :7 &DY :H DOVR
WHVWHGRQH LQWUDFHOOXODU F\VWHLQH LQ WKH LQWUDFHOOXODU
,6,6 OLQNHU & DV ZH UHDVRQHG LW FRXOG
5HGR[VHQVLWLYHPRGXOHRI7W\SH&DFKDQQHOV 
 
DOORVWHULFDOO\ LQIOXHQFH WKH DUUDQJHPHQW RI ,6,6
DQG,6,6ORRSV+RZHYHUWKH&$PXWDQWVWLOO
GLVSOD\HG REYLRXV LQKLELWLRQ E\ 63 
Q ZKLFKZDVQRWVLJQLILFDQWO\GLIIHUHQWIURPWKH
63LQGXFHGLQKLELWLRQRIWKH:7&DY)LJ$%
1HLWKHU RI F\VWHLQH PXWDQWV XVHG LQ WKLV VWXG\
GLVSOD\HG VLJQLILFDQWO\ GLIIHUHQW DFWLYDWLRQ DQG
LQDFWLYDWLRQ NLQHWLFV &XUUHQW GHQVLWLHV RI VLQJOH
PXWDQWVDOVRGLGQRWFKDQJHVLJQLILFDQWO\FRPSDUHG
WR:7&DY7KHRQO\H[FHSWLRQZDVWKHTXDGUXSOH
&WR$ PXWDQW ZKLFK GLVSOD\HG PXFK UHGXFHG
FXUUHQWGHQVLW\DOEHLWNLQHWLFVZDVQRWVLJQLILFDQWO\
DIIHFWHG7DEOH6 
7DNHQ WRJHWKHU WKH UHVXOWVSUHVHQWHG LQ)LJ
VWURQJO\ VXJJHVW WKDW WKH R[LGDWLYH PRGLILFDWLRQ RI
H[WUDFHOOXODUF\VWHLQHVLQWKH,6,6ORRSLQFUHDVHV
VHQVLWLYLW\RI&DYWRLQKLELWLRQE\WUDFHDPRXQWV
RI H[WUDFHOOXODU ]LQF E\ LQGXFLQJ FRQIRUPDWLRQDO
FKDQJHVZLWKLQWKHKLJKDIILQLW\PHWDOELQGLQJVLWHRI
WKHFKDQQHO 
'LVFXVVLRQ 
+HUH ZH UHSRUW WKDW PRGXODWLRQ RI 7W\SH &D
FKDQQHOV E\ UHGR[ DJHQWV DQG ]LQF LV VWUXFWXUDOO\
FRXSOHG DQG GHSHQGV RQ WKH SUHVHQFH RI WKH KLJK
DIILQLW\ PHWDO ELQGLQJ VLWH IRUPHG E\ WKH
H[WUDFHOOXODU,6,6DQG,6,6ORRSVRIGRPDLQ,
DV ZHOO DV RQ WKH JURXS RI H[WUDFHOOXODU F\VWHLQHV
SUHVHQWLQWKH,6,6ORRS 
$PHFKDQLVPIRUFRQYHUJHQFHRIUHGR[DQG]LQF
GHSHQGHQW PRGXODWLRQ RI7W\SH &D FKDQQHOV KDV
EHHQK\SRWKHVL]HGLQHDUOLHUVWXGLHVZKHUHE\LWZDV
SURSRVHG WKDW H191 could be subject to metal-
catalysed oxidation (MCO) reaction (28,36). Thus, 
either binding of Zn2+, or Zn2+-independent MCO of 
H191 could result in a similar inhibition of channel 
activity (24,28,39). Yet, data presented here suggest 
an alternative mechanism: oxidative modification of 
extracellular cysteines in the ,6,6 ORRS PD\
allosterically increase the Cav3 channel inhibition 
induced by binding of zinc to H191. The following 
observations are in favour of the above hypothesis. i) 
cysteine-modifying reagents, MTSES and NEM, as 
well as SP produced similar degree of Cav3.2 
inhibition, which was reversible by either the 
reducing agent, DTT (Fig. 1), or by the zinc chelator, 
TPEN (Fig. 3); pre-application of MTSES rendered 
SP ineffective to produce any further current 
inhibition (Fig. 1I, J). ii) Removal of H191 from 
Cav3.2 dramatically reduced inhibition of the 
channel by MTSES (Fig. 2) or SP (11). iii) 
Introduction of the corresponding histidine into 
Cav3.1 induced its sensitivity to both, MTSES (Fig. 
2) and SP (11). iv) Removal of extracellular
cysteines from the IS1-IS2 loop of Cav3.2 
dramatically reduced the sensitivity of the channel to 
both, MTSES (Fig. 5) and SP (Fig. 6); the mutant 
with cysteine-less IS1-IS2 loop was found to be 
resistant to MTSES (Fig. 5E, F). Thus, we 
hypothesize that oxidative modification of 
extracellular cysteines in the ,6,6ORRSRI&DY
LQGXFHV DOORVWHULF FKDQJHV LQ LWV ]LQF ELQGLQJ VLWH
VXFKWKDW LWEHFRPHVHQVLWLYH WRDPELHQW]LQF7KLV
HIIHFWLVXQLTXHWR&DYVLQFHRWKHU&DYVXEXQLWV
ODFNFULWLFDOKLVWLGLQHDWSRVLWLRQVHTXLYDOHQWWR
LQ &DY Indeed, according to our earlier atomic 
absorption spectroscopy measurements, total zinc 
levels in nominally zinc-free laboratory solutions are 
in the range of 5-10 PM (11). Similar or higher range 
of zinc concentrations is reported for human plasma 
(40). Concentrations of free Zn2+ (both in vitro and 
in vivo) are likely to be much lower as compared to 
the total zinc, yet, our estimate suggested low 
nanomollar range (11). This would be still sufficient 
to produce significant effect on channel activity 
since the high-affinity zinc binding site in Cav3.2 has 
a nanomollar zinc affinity (11). 
$FWLYDWLRQ RI 1. UHFHSWRUV ZDV VKRZQ WR
JHQHUDWH HQGRJHQRXV 526 SURGXFWLRQ (31,33,41), 
which is a necessary step in NK1-mediated 
modulation of Cav3.2 (11)+RZHYHULWLVSUHVHQWO\
XQFOHDUKRZLQWUDFHOOXODUO\JHQHUDWHG526DFWXSRQ
H[WUDFHOOXODU VLWH ZLWKLQ &DY SURWHLQ 2QH
LQWULJXLQJ SRVVLELOLW\ LV WKDW LQ UHVSRQVH WR
HQGRJHQRXV526 UHOHDVH FHOOV FRXOG UHOHDVH VRPH
UHGR[DFWLYHPROHFXOHVVXFKDVWKLRUHGR[LQ75;
,QGHHG75; FDQ EH VHFUHWHG  PRUHRYHU LW LV
NQRZQWRLQKLELW&DYFKDQQHOVE\LQWHUIHULQJZLWK
WKHLU H[WUDFHOOXODU ]LQFELQGLQJ VLWH  $
PHFKDQLVPRI753&FKDQQHOUHJXODWLRQWKURXJKWKH
5HGR[VHQVLWLYHPRGXOHRI7W\SH&DFKDQQHOV 
 
 
EUHDNGRZQ RI H[WUDFHOOXODU GLVXOSKLGH ERQG E\
VHFUHWHG 75; KDV EHHQ UHSRUWHG  DQG LW LV
WHPSWLQJ WR K\SRWKHVL]H WKDW D VLPLODU PHFKDQLVP
FRXOG EH DW SOD\ LQ WKH FDVH RI 1.PHGLDWHG
PRGXODWLRQ RI 7W\SH &D FKDQQHOV +RZHYHU
IXUWKHU LQYHVWLJDWLRQ LV UHTXLUHG WR GHFLSKHU WKLV
LQWULJXLQJVLJQDOOLQJFDVFDGH 
The exact structural consequences of the 
oxidation of IS1-IS2 cysteines are yet to be 
elucidated. These cysteines may be involved in 
disulfide bonds or oxidised to cysteine sulfinic (Cys-
SO2H) or sulfonic (Cys-SO3H) acids (44). Cryo-EM 
structure of Cav3.1 revealed a disulphide bond 
between the C104 in IS1-IS2 and C889 on IIS5-IIS6 
pore loop, which is unique to Cav3 channels (35). 
This bond was hypothesised to be important for the 
unique redox sensitivity of T-type Ca2+ channels (35). 
C104 and C889 in Cav3.1 correspond to C123 and 
C939 in Cav3.2 (Fig. 1A) and our model of Cav3.2 
(Fig. 4, Fig. S1) also predicts a disulphide bond 
between these residues in Cav3.2, while other 
cysteines in the IS1-IS2 loop do not form disulfide 
bonds. Interestingly, C123A Cav3.2 mutant was the 
least sensitive to MTSES among the all cysteine 
mutants we have tested (Fig. 5). Thus perhaps this 
covalent bond, linking high-affinity zinc binding site 
to the pore region of the channel, is indeed important 
for coupling of zinc binding to channel activity. Yet, 
since other IS1-IS2 loop cysteines also affect 
channel sensitivity to MTSES and SP, the C123-
C939 bond is likely not an exclusive determinant.  
Oxidative modification of extracellular cysteines 
in IS1-IS2 loop may produce conformational 
changes within the high-affinity zinc binding site of 
the channel that either increases zinc affinity at the 
binding site or enhances coupling efficiency between 
the zinc binding and channel inhibition. We believe 
that the latter is more likely to be the case since SP 
treatment strongly increased the efficacy of zinc 
mediated inhibition of Cav3.2 while having no effect 
on the IC50 (11). Resolving Cav3.2 structures in the 
presence and absence of zinc and at different states 
of extracellular cysteine oxidation will shed the light 
on the exact mechanism of coupling between these 
two modulatory mechanisms. Nevertheless, the 
present study clearly demonstrated that the redox and 
zinc modulation of Cav3.2 is indeed structurally 
coupled and requires both, the metal-coordinating 
histidine in the IS3±IS4 loop and extracellular 
cysteines in the IS1±IS2 loop.  
T-type Ca2+ channels are important regulators of 
excitability and rhythmic activity of excitable cells, 
the activity of these channels is regulated by multiple 
physiological signalling pathway, many of which act 
on the channel targeting its redox/zinc-sensitive 
module. The examples of these modulatory 
pathways include nitrous oxide (38,45), carbon 
monoxide and thioredoxin (43), hydrogen sulphide 
(46), D-Lipoic acid (37), as well as GABAB receptors 
(47) and substance P (11). Hence, elucidation of 
structural background of T-type channel modulation 
via the redox/zinc-sensitive module, reported here, 
sheds new light on the physiological regulation of 
these channels; moreover, it provides valuable 
insight for the development of future T-type channel 
modulators for treatment of excitability disorders, 
such as epilepsy and pain. 
 
Experimental Procedures 
&HOO &XOWXUH WUDQVIHFWLRQV F'1$ FRQVWUXFWV
DQG FKHPLFDOV +(.  FHOOV ZHUH FXOWXUHG LQ
'0(0VXSSOHPHQWHGZLWK*OXWD0D[ ,  IHWDO
FDOI VHUXP SHQLFLOOLQ  8PO DQG VWUHSWRP\FLQ
ȝJPOLQFXOWXUHIODVNVLQDKXPLGLILHGLQFXEDWRU
&  &2 &XOWXUHV ZHUH SDVVDJHG HYHU\ 
GD\V XSRQ UHDFKLQJ ± FRQIOXHQF\ RQH GD\
EHIRUHWUDQVIHFWLRQWKHFHOOVZHUHSDVVDJHGRQJODVV
FRYHUVOLSV  FP h FP $OO FHOO FXOWXUH
UHDJHQWVZHUHSXUFKDVHGIURP*LEFR%5/3DLVOH\
8.XQOHVVRWKHUZLVHVWDWHG+XPDQ1.UHFHSWRU
*HQ%DQNDFFHVVLRQQXPEHU$<F'1$ZDV
SXUFKDVHG IURP WKH 0LVVRXUL 6FLHQFH DQG
7HFKQRORJ\ F'1$ 5HVRXUFH &HQWHU &DY
*HQ%DQN DFFHVVLRQ QXPEHU $) &DY
*HQ%DQN DFFHVVLRQ QXPEHU $)
&DY4+ DQG &DY+4 ZHUH NLQGO\
SURYLGHG E\ 'U ( 3HUH]5H\HV 8QLYHUVLW\ RI
9LUJLQLD 86$ &DY &$ &DY &$
&DY&$&DY&$&DY&$DQG
&DY &$ &$ &$ &$ ZHUH
5HGR[VHQVLWLYHPRGXOHRI7W\SH&DFKDQQHOV 
 
FXVWRPPDGHE\6DQJRQ%LRWHFK&KLQD+(.
FHOOVZHUHWUDQVIHFWHGXVLQJ)X*(1(+'3URPDJH
86$DFFRUGLQJWRWKHPDQXIDFWXUHU¶VLQVWUXFWLRQV
076(6 6RGLXPVXOIRQDWRHWK\O
PHWKDQHWKLRVXOIRQDWHDQG=ZHUHIURP7RURQWR
5HVHDUFK &KHPLFDOV &DQDGD$OO RWKHU FKHPLFDOV
ZHUHIURP6LJPD 
(OHFWURSK\VLRORJ\ $PSKRWHULFLQ % SHUIRUDWHG
SDWFKFODPS UHFRUGLQJV ZHUH XVHG WR UHFRUG &D
FXUUHQWV IURP WUDQVIHFWHG +(. FHOOV 5HFRUGLQJV
ZHUH PDGH XVLQJ 0XOWLFODPS % DPSOLILHU LQ
FRPELQDWLRQ ZLWK S&/$03  VRIWZDUH $[RQ
,QVWUXPHQWV 8QLRQ &LW\ &$ 86$ DV GHVFULEHG
SUHYLRXVO\2IIOLQHDQDO\VLVZDVSHUIRUPHGXVLQJ
&ODPSILW  0ROHFXODU 'HYLFHV 9ROWDJHFODPS
UHFRUGLQJV ZHUH VDPSOHG DW  N+] DQG SHUIRUPHG
XVLQJ WKH$PSKRWHULFLQ % SHUIRUDWHG SDWFK FODPS
PHWKRG 7KH VWDQGDUG EDWK VROXWLRQ FRQWDLQHG LQ
P07($&O&V&O&D&O+(3(6
0J&OJOXFRVHS+DGMXVWHGZLWK&V2+
 PRVPNJ 7KH VROXWLRQV ZHUH DSSOLHG WR
WKHEDWKFKDPEHUXVLQJFKDQQHOJUDYLW\SHUIXVLRQ
V\VWHP9& $/$86$ LQFRPELQDWLRQZLWK
WKH ORFDO SHUIXVLRQ SHQFLO  $XWR0DWH
6FLHQWLILF 86$ LQQHU GLDPHWHU  ȝP DW a
POPLQ7KHSLSHWWHVROXWLRQFRQWDLQHGLQP0
&V&O+(3(6(*7$0J&OVXSSOHPHQWHG
ZLWK DPSKRWHULFLQ% ȝJPO S+ DGMXVWHG
ZLWK &V2+ 3DWFK HOHFWURGHV ZHUH SXOOHG ZLWK D
KRUL]RQWDO PLFURSLSHWWH SXOOHU 3 6XWWHU
,QVWUXPHQWV 86$ DQG ILUH SROLVKHG 7KH DFFHVV
UHVLVWDQFH ZDV W\SLFDOO\ ZLWKLQ  0:&DY
FXUUHQWV ZHUH PHDVXUHG E\  PV VTXDUH YROWDJH
SXOVHVWRP9IURPDKROGLQJSRWHQWLDORIP9
6HULHV UHVLVWDQFH ZDV FRPSHQVDWHG RQOLQH E\ 
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Figure 1. Cysteine-modifying reagents and substance P inhibit recombinant Cav3.2 currents in a similar 
mechanism. A, Schematic of Cav3.2 channel; intra- and extracellular cysteines are indicated by spheres. 
Shown in red are cysteines mutated in the present study; orange square indicates zinc-binding histidine 191; 
purple area indicates high-affinity zinc binding site. B, Example time course of the effects of 2 mM 6RGLXP
6XOIRQDWRHWK\OPHWKDQHWKLRVXOIRQDWH076(6DQGP0GLWKLRHU\WKULWRO'77 applied in the presence 
of MTSESon the Ca2+ current recorded from HEK293 cells transiently overexpressing Cav3.2 and NK1 
receptors using perforated patch clamp. Selective T-type channel blocker, Z944 (1 PM) was applied at the end 
of the experiment. Plotted are peak Ca2+ current amplitudes; periods of drug application are indicated by the 
vertical gray bars. Inset shows example current traces. C, Summary of the effects recorded in experiments 
exemplified in panel B, individual data points are represented by the colored circles, paired data points from 
the same experiment are depicted in the same color. D, Example time course of the experiment similar to that 
shown in panel A but1HWK\OPDOHLPLGH1(0ȝ0ZDVDSSOLHGLQVWHDGRI076(6( Summary of the 
effects recorded in experiments exemplified in panel D. F, Example time course of the experiment similar to 
that shown in panel B but a selective NK1 receptor agonist >6DU@6XEVWDQFH3663P0ZDVDSSOLHG
LQVWHDGRI076(6SDQHO*VXPPDUL]HVWKHVHH[SHULPHQWV+&RPSDULVRQRIWKH&DYFXUUHQWLQKLELWLRQ
SURGXFHGE\076(6DQG663,Example time course of the effects of 1 PM 663DSSOLHGDIWHUDQGLQWKH
SUHVHQFHRI076(6on the recombinant Cav3.2 current, SDQHO-VXPPDUL]HVWKHVHH[SHULPHQWV,QEDUVFDWWHU
FKDUWVDVWHULVNVGHQRWHVLJQLILFDQWGLIIHUHQFHEHWZHHQWKHJURXSVLQGLFDWHGE\WKHOLQHFRQQHFWRUVZLWK3
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Figure 2. MTSES-induced inhibition of Cav3 channels requires intact high-affinity zinc binding site. A, 
B and C, Example time courses showing the effects of MTSES (2 mM), DTT (1 mM; applied in the presence 
of MTSES) and Z944 (1 PM) on the Ca2+ current recorded from HEK293 cells transiently overexpressing 
Cav3.2 H191Q (A), WT Cav3.1 (B) or Cav3.1 Q172H (C). Plotted are peak Ca2+ current amplitudes; periods 
of drug application are indicated by the vertical gray bars. Inset shows example current traces. D, Summary of 
the effects recorded in experiments exemplified in panel A, individual data points are represented by the 
colored circles, paired data points from the same experiment are depicted in the same color; additionally shown 
is the data set for the MTSES-induced inhibition of the WT Cav3.2 (grey bar, circles) taken from the Fig. 1C. 
E, Summary of the effects recorded in experiments exemplified in panels B and C. ,QEDUFKDUWVDVWHULVNV
GHQRWHVLJQLILFDQWGLIIHUHQFHEHWZHHQWKHJURXSVLQGLFDWHGE\WKHOLQHFRQQHFWRUVZLWK3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Figure 3. MTSES-induced inhibition of Cav3 channels is reversed by zinc chelation. A, B, Example time 
courses showing the effects of MTSES (2 mM), 1 1 1
 1
WHWUDNLVS\ULG\OPHWK\ HWK\OHQHGLDPLQH
73(1ȝ0DSSOLHGVWLOOLQWKHSUHVHQFHRI076(6and Z944 (1 PM) on the Ca2+ currents recorded from 
HEK293 cells transiently overexpressing WT Cav3.2 (A) or Cav3.2 H191Q (B). C, Summary of the effects 
recorded in experiments exemplified in panel A and B, individual data points are represented by the colored 
circles, paired data points from the same experiment are depicted in the same color. D, E, Experiments similar 
to those shown in panels A and B, but MTSES is applied after (and still in the presence of) the TPEN. F, 
Summary of the effects recorded in experiments exemplified in panels D and E. G, H, Experiments similar to 
those shown in panels D and E, but WT Cav3.1 (G) and Cav3.1 Q172H (H) were investigated. I, Summary of 
the effects recorded in experiments exemplified in panels G and H. ,Q EDUVFDWWHU FKDUWV DVWHULVNV GHQRWH
VLJQLILFDQWGLIIHUHQFHEHWZHHQWKHJURXSVLQGLFDWHGE\WKHOLQHFRQQHFWRUVZLWK3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Figure 4. +RPRORJ\PRGHOLQJRIUHGR[PHWDOUHJXODWRU\PRGXOHLQ&DY,QLWLDOVWUXFWXUHRIWKHKXPDQ
&DYFKDQQHOZDVREWDLQHGE\KRPRORJ\PRGHOLQJVHH)LJ6IRUIXUWKHUGHWDLOVEDVHGRQWKHVWUXFWXUHRI
KXPDQ&DY$/RFDOTXDOLW\HVWLPDWHRIWKHPRGHOREWDLQHGZLWK40($1%UDQH%'5HGR[PHWDO
UHJXODWRU\ PRGXOH VKRZQ DW YDULRXV URWDWLRQ SRLQWV SURWHLQ VKRZQ DV ULEERQV DQG NH\ DPLQR DFLGV DUH
LQGLFDWHG((OHFWURVWDWLFVXUIDFHSRWHQWLDORIWKHUHGR[PHWDO UHJXODWRU\PRGXOHN7HWRN7H LQ
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Figure 5. Extracellular cysteines in the IS1-IS2 loop are necessary for MTSES-mediated inhibition of 
Cav3.2. A-E, Example time courses showing the effects of MTSES (2 mM)and Z944 (1 PM) on the Ca2
+ current recorded from HEK293 cells transiently overexpressing Cav3.2 C114A (A), Cav3.2 C123A 
(B), Cav3.2 C128A (C), Cav3.2 C133A (D) or a quadruple mutant with C-to-A mutations at positions 114, 
123, 128 and 133 (4xC-A; E). F, Summary of the effects recorded in experiments exemplified in panels 
A-E, individual data points are represented by circles. $VWHULVNVGHQRWH VLJQLILFDQW GLIIHUHQFHEHWZHHQ WKH
JURXSVLQGLFDWHGE\WKHOLQHFRQQHFWRUVZLWK3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Figure 6. Extracellular cysteines in the IS1-IS2 loop are necessary for SP-mediated inhibition of 
Cav3.2. A, Example time courses showing the effects of S9SP (1 PM), DTTP0applied in the presence 
of S9SP) and Z944 (1 PM) on the Ca2+ current recorded from HEK293 cells transiently overexpressing 
Cav3.2 C165A. B, Summary of the effects recorded in experiments exemplified in panel A for HEK293 
cells overexpressing Cav3.2 C114A, Cav3.2 C123A, Cav3.2 C128A, Cav3.2 C133A or Cav3.2 C165A; 
individual data points are represented by circles. $VWHULVNV GHQRWH VLJQLILFDQW GLIIHUHQFH EHWZHHQ WKH
JURXSV LQGLFDWHG E\ WKH OLQH FRQQHFWRUV ZLWK 3   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